Introduction Lenalidomide (LEN) is a relatively new and very effective therapy for multiple myeloma (MM). Prior LEN therapy is associated with an increased risk of peripheral blood stem cell collection (PBSC) failure, particularly with filgrastim (G-CSF) alone. We performed a retrospective chart review of 319 consecutive MM patients who underwent apheresis to collect PBSCs for the first autologous stem cell transplant (ASCT). Results The median number of PBSCs collected in the LEN (+) group was significantly less than the LEN (−) group (6.34 vs. 7.52×10 6 CD34 + cells/kg; p=0.0004). In addition, the median number of apheresis sessions required for adequate PBSCs collection were significantly more in the LEN (+) group as compared to LEN (−) group (2 vs. 1 sessions; p=0.002). In the LEN (+) group, there was a negative correlation between PBSCs collected and prior number of cycles of LEN (p=0.0001). Rate of PBSC collection failure was 9 % in the LEN (+) group and 5 % in the LEN (−) group (p=0.16). Only six patients who failed PBSC collection with G-CSF were able to collect adequate PBSCs with G-CSF + plerixafor. LEN exposure had no effect on neutrophil or platelet recovery post-ASCT. Conclusions Up to four cycles of LEN exposure have minimal negative impact on PBSC collection. Despite prolong exposure of LEN, PBSC collection was adequate for two ASCTs in the majority of patients and post-ASCT engraftment was not longer than expected; however, clinical relevance (complication rate, quality of life, cost) of prolonged LEN exposure on both PBSC and ASCT, should be evaluated in prospective clinical trials.
Background
Lenalidomide (LEN) is an immuno-modulatory agent approved for treatment of multiple myeloma (MM). In the upfront setting, the combination of LEN and dexamethasone (DEX) has shown an overall response rate (ORR) of 70-80 % and a greater than or equal to very good partial response achieved in roughly half of the patients [1, 2] . In relapsed patients, the ORR is approximately 60 % with LEN/DEX therapy [2] . The high response rates as well as ease of administration have contributed to the widespread off-label use of LEN as upfront induction therapy.
One of the common side effects of LEN is myelosuppression, with grades 3-4 neutropenia requiring dose reduction or discontinuation in about 20-30 % of patients [1] [2] [3] . Based on retrospective reviews, LEN has been reported to have an adverse effect on the peripheral blood stem cell (PBSC) yield prior to autologous stem cell transplant (ASCT). Clinical impact of this adverse effect on PBSC yield and patient's ability to undergo ASCT is not known and is not studied in prospective trials. This has resulted in recommendations to limit LEN induction treatment regardless of achieving best treatment response. In addition, there are recommendations to consider cryopreserving PBSC without any prospective data and lack of universal insurance coverage for upfront PBSC collection with no intent to offer ASCT within 1 year and cryopreservation of back-up PBSCs. In these reports, LEN exposure was associated with a higher rate of PBSC collection failure, lower CD34 + cell-count yield and an increased number of apheresis sessions required for adequate PBSC collection [4, 5] .
ASCT continues to retain importance in the treatment of MM and can improve progression-free survival as well as overall survival [6, 7] . Collection of an adequate number of PBSCs is a critical factor in performing ASCT. The dose of CD34 + cells infused affects the kinetics of hematopoietic recovery, with 2×10 6 infused CD34 + cells/kg considered a minimum requirement for ASCT [8, 9] . Filgrastim (G-CSF) is the most commonly used agent for PBSC mobilization, and is well tolerated by most patients. Alternatives or adjuncts to G-CSF include sargramostim (GMCSF) [10] , cyclophosphamide [11] , and the novel drug plerixafor, which is used upfront [12] or for poor PBSC mobilizers [13, 14] . All these other agents are commonly used in patients who fail to collect PBSC with G-CSF alone. To evaluate the potential influence of prior LEN exposure on subsequent PBSC mobilization and post-ASCT engraftment, we retrospectively analyzed MM patients undergoing PBSC mobilization for ASCT.
Methods
All MM patients eligible for ASCT and began attempts at PBSC mobilization between July 1, 2007 and June 30, 2011 were included in this retrospective analysis. Apheresis records of the Karmanos Cancer Institute were reconciled with the MM database to ensure a complete list of consecutive patients. Patients who had a prior ASCT were excluded. Patients who received at least one LEN cycle (21 consecutive days) at any time prior to PBSC collection were included in this analysis. Approval from institutional review board was obtained for this analysis.
Patients were divided into lenalidomide exposed LEN (+) and non-lenalidomide exposed LEN (−) groups. The primary outcome was failure to collect PBSCs using G-CSF alone. Per our institutional practice, failure of mobilization was defined as collection of minimum target of <2×10 6 
CD34
+ cells/kg (adequate target: ≥4×10 6 CD34 + cells/kg). Patients underwent through collection procedure if the peripheral blood CD34 + count on day 5 after starting G-CSF was >10/μl. They were considered collection failure if they were unable to collect ≥2×10 6 CD34 + cells/kg in 3 days of apheresis. The secondary endpoints included differences in the amount of PBSCs collected, number of apheresis sessions required to collect the adequate number of PBSCs, and days to neutrophils and platelet recovery following ASCT.
Statistical analysis
Due to skewed frequency distribution of CD34 + cells, Kruskal-Wallis tests were used to assess statistical significance of differences between treatment groups in the quantity of PBSCs collected, total number of apheresis days to collect at least the minimum desired number of PBSCs and days to platelet and neutrophil engraftment. A test for trend in proportions was performed to assess the statistical significance of the difference in the number of collection days between the LEN (+) and LEN (−) groups. Spearman's rank correlation coefficient was used to evaluate the statistical significance of the association between the number of PBSCs collected per 100 ml and number of cycles of LEN.
Results
A total of 339 patients with MM underwent attempt at PBSC collection. Out of these, 15 patients had a prior ASCT and were excluded. Five patients were excluded because of missing data. Thus, a total of 319 patients were included in the final analysis. Out of these, 256 patients were initially mobilized with G-CSF alone, 4 patients were mobilized with combination of G-CSF and GMCSF. Twenty-eight patients were collected with the combination of cyclophosphamide and G-CSF, and 31 patients participating in a clinical trial were collected with G-CSF/plerixafor. Both the LEN (+) and LEN (−) groups were balanced according to the initial priming agent used (Table 1) .
Of the total 319 patients, 186 patients were LEN (+), and 133 patients were LEN (−) prior to PBSC collection. Both groups had similar demographic and clinical characteristics (Table 1) . Median age was approximately 58 years; there was a slight predominance of males in the LEN (+) group and approximately 75 % of participants were Caucasians. About 70 % of patients presented with Durie-Salmon stage III disease. Dose of G-CSF administered for PBSC mobilization was 16 mcg/kg/day, calculated based on actual body weight.
In the LEN (+) arm, 123 patients were treated with only one induction regimen prior to PBSC collection which were LEN/DEX in 83 patients, and LEN/DEX/bortezomib (BTZ) in 40 patients. Sixty-three patients in the LEN (+) group received more than one induction therapy, most commonly LEN/DEX preceded or followed by BTZ-based therapy. Only one patient received melphalan-containing regimen. In the LEN (−) arm, 102 patients had received only one prior induction regimen: BTZ/DEX (n = 54 patients), BTZ/DEX/pegylated doxorubicin (n = 21), thalidomide (THAL)/DEX (n = 12), BTZ/THAL/DEX (n = 10), and BTZ/DEX/cyclophosphamide (n=5). Thirty-one patients in this group received more than one line of prior therapy and the regimens used were BTZ/DEX plus either THAL/DEX (23 patients) or melphalan/prednisone (8 patients).
The median number of cycles of induction therapy prior to attempting PBSC mobilization was five in LEN (−) and four in LEN (+) arm (Table 1) . Rate of PBSC collection failure was 9 % in the LEN (+) group and 5 % in the LEN (−) group, which was not statistically different (p=0.16). Out of 16 patients in the LEN (+) arm who failed collection in the first attempt, 12 had received more than 4 cycles of LEN induction (ranging from 5-12 cycles) while 4 patients had received only 4 cycles of induction. None of these patients had received any alkylating agent or anthracycline-based chemotherapy. Six patients failed to collect in the LEN (−) arm and all of them had received melphalan-or doxil-based chemotherapy prior to collection. Out of the 22 patients who failed initial collection with G-CSF, 16 were successfully collected with second-line plerixafor + G-CSF priming, 3 patients failed to collect with both G-CSF and plerixafor + G-CSF priming and the remaining 3 patients did not attempt a second collection.
The median number of PBSCs collected in the LEN (+) group was significantly less than LEN (−) group (6.34 vs. 7.52 × 10 6 CD34 + cells/kg; p = 0.0003) ( Table 2 ). The difference remained significant even after correction for the total volume collected (1.00 vs. 1.39× 10 6 CD34 + cells/kg/100 ml; p=0.0001). As a result, the median number of apheresis sessions required for adequate PBSC collection were significantly more in the LEN (+) group as compared to LEN (−) group (2 vs.1 sessions; p=0.004). There was a statistically significant negative correlation between PBSC collected per 100 ml and prior cycles of LEN (Spearman's rho=−0.30, p= 0.0001). To assess the effect of duration of LEN therapy on the PBSC collection we divided our LEN (+) patients into three groups, (<5 cycles, 5-8 cycles and >8 cycles) and compared the PBSC yield in these groups. There was a statistically significant difference in the PBSC yield among patients who received <5 cycles compared to those who received 5-8 or >8 cycles (p=0.004). However, the difference in yield between those who received 5-8 cycles of LEN and those who received >8 cycles was not statistically significant (p=0.14) (Table 3 ), (Fig. 1) . The median number of PBSC collected in patients mobilized with G-CSF plus cyclophosphamide (n = 28) as initial mobilizing agents were 12.4 × 10 6 CD34 + cells/kg and 7.34 × 10 6 CD34 + cells/kg in the G-CSF plus plerixafor group (n=31). Given the presence of these upfront mobilizing agents used in about 20 % of patients, we performed a separate analysis of patients (n=256) who were collected with upfront G-CSF and the differences in terms of total CD34 + cells collected, days to collection, CD34 + cells collected per 100 ml remained statistically significant in the LEN (−) and LEN (+) arms. Analysis of day 5 peripheral CD34 + cells showed a statistically lower number of CD34 + cells in LEN (+) group as compared to the LEN (−) group (37.6 vs. 60.7) p=0.00001. Because of the overall lower median number of stem cells collected in LEN (+) group, a lower median number of stem cells were available for the first ASCT in the LEN (+) group (3.51 vs. 4.09×10 6 CD34 + cells/kg). This did not translate into difference in days to neutrophils or platelet recovery in these two groups (Table 2 ). There was no significant difference in two arms in terms of PBSC collection for two ASCTs, defined as collection of ≥4×10 6 CD34 + cells/kg (LEN (+) 87 % and LEN (−) 91 %, p=0.28) ( Table 2 ). Out of the 319 patients, 10 patients did not proceed to ASCT because of Fig. 1 Effect of number of LEN cycles on yield of CD34 cells/100 ml various reasons, including being on a delayed ASCT study protocol, disease progression, inadequate PBSC collection and patient's refusal.
Discussion
Our data confirms the results of the previous reports [4, 5] that LEN exposure negatively affects PBSC collection in patients undergoing ASCT for MM. There was a significant drop in the day 5 peripheral CD34 + count in the patients who were LEN exposed although the CD34 + counts still remained adequate for collection. It is unclear if this reduction in PBSC mobilization is clinically significant as in both groups adequate number of PBSCs were collected for at least two ASCTs in majority of patients. Recently published guidelines based on expert opinion from the International Myeloma Working Group recommends PBSC collection after 4 cycles of LEN induction therapy in order to minimize the risk of PBSC collection failure [15] . It is important to note that majority of health insurance carriers will not allow collection and cryopreservation of PBSCs if there is no intent to proceed with ASCT soon after PBSCs collection. In addition, there are no designated reimbursement codes for back-up PBSC storage raising concerns for increased cost and liability.
Our data defines the so called threshold for LEN exposure, as ≥5 prior cycles of LEN were associated with a drop in PBSC yield but without a negative impact on collecting the minimum PBSC collection target required to perform ASCT. Nonetheless, complete failure to collect PBSC was not statistically associated with prior LEN exposure questioning the utility of LEN exposure threshold and rationale for current guidelines for earlier PBSC collection in this group of MM patients. This practice requires limiting the number of cycles of LEN induction treatment with a disregard for disease response. Although our data is somewhat heterogeneous in terms of the induction therapy used, a small minority of patients were exposed to alkylating agents prior to PBSC collection. Majority of these patients received either proteasome inhibitor or immuno-modulator based front-line therapy which have become standards of care for MM therapy at this time. About 20 % of our patients were collected with upfront G-CSF + cyclophosphamide or plerixafor. These patients were distributed evenly in both groups and a separate analysis of patient receiving G-CSF only group showed no difference in the results of the study.
The mechanism of marrow toxicity of LEN is unclear. LEN induces expansion of the cytotoxic CD8 + T-cells and NK cells with resultant increases in levels of IL-2 and IFNgamma [16, 17] . These cytokines are known to cause myelosuppression and could thus theoretically impair PBSC collection but this has not been confirmed. A report by Koh et al. looking at the effect of LEN on the bone marrow showed suppression of red cell lineage while demonstrating enhancement of myelopoiesis [18] , but this does not explain observed leucopenia due to LEN. Myelosuppression is dose-dependent and seen more commonly in patients with renal dysfunction [19] .
Some investigators have reported improvement in the PBSC collection in LEN (+) patients with the use of cyclophosphamide in addition to the G-CSF [11] . Although all patients in our series mobilized initially with cyclophosphamide + G-CSF, were successfully collected on the first attempt, the small number of such patients precludes us to draw any meaningful conclusions about the relative efficacy of this mobilization regimen compared to G-CSF alone. Of note, in a recent published analysis of 346 patients undergoing PBSC collection following four cycles of LEN/DEX induction and subsequent cyclophosphamide priming, 15 % of patients failed to mobilize ≥2×10 6 CD34 + cells/kg on the first collection attempt [20] . Given the unpredictability of PBSC recovery, risk of hospitalization, as well as the added cost and increased morbidity associated with cyclophosphamide priming, initial mobilization with G-CSF alone appears preferable, given the overall low failure rate.
In conclusion, our data suggests that G-CSF can be used to successfully mobilize PBSC in MM patients following LEN therapy. The rate of PBSC collection failure on the first attempt appears similar to that described in published reports of cyclophosphamide priming. Almost all patients who failed their first mobilization attempt were ultimately able to collect PBSCs after a second attempt using combination of other mobilizing agents.
We confirmed previous reports that more than four cycles of prior LEN therapy has a negative impact on PBSC collection in MM patients. However, we could not find sufficient evidence to demonstrate that this reduction in PBSC yields precludes either the feasibility of ASCT or a successful collection for storage and future use of PBSCs. Therefore, we suggest a reevaluation of current guidelines that erroneously limit the number of cycles of LEN induction therapy regardless of response and recommend to cryopreserve backup PBSC in patients treated with LEN. We also demonstrated that LEN (+) MM patients undergoing ASCT with an adequate PBSC dose had normal marrow recovery. These issues must be addressed in prospective clinical trials as more MM patients are exposed to prolong duration of LEN in the setting of delayed ASCT and maintenance therapy. 
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